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Abstract
Numerical simulations on non-woven-fibrous, porous structures were
performed to determine material design space for energy storage device
(battery and ultracapacitor) separators. Material simulations were per-
formed initially with a commercial program called GeoDict using its demo
version. Later, in-house computational tools were developed and em-
ployed. The numerical routines were created to model mechanical and
electrical properties of porous structures. The tools were built as a pre-
processor for a commercial finite element package. Effective properties
were estimated in the post-processing phase using the current and stress
distributions. No multi-physics assumptions were considered to couple
electrical and mechanical fields at this stage. The numerical results be-
tween two numerical platforms, GeoDict and in-house tools. Regions of
interest in porosity for battery separators discussed.
Keywords Numerical modeling — non-woven mats — porous mate-
rials — effective properties of materials
1 Introduction
Porous structures are used as separators or membranes for battery and ultra-
capacitor applications [1, 2]. The separator is one of the critical components in
these novel energy storage units. It prevents contacting of the positive and the
negative electrodes while providing pathways for ionic charge transport through
the ionically conductive electrolyte solution without electonic conduction. The
separator material should be chemically reistant to the electrolyte solvents and
the reducing and oxidizing environments during cell charging and discharging.
It should have mechanical integrity to withstand the high tension during the
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assembly of the energy storage units. Battery performance can be improved
by finding the optimum balance between low fiber volume fraction (facilitates
ionic transport) yet a high enough fiber volume fraction to assure sufficient
mechanical integrity.
The separators are classified by Zhang [2] (i) microporous polymer mem-
branes, (ii) non-woven fabric mats and (iii) inorganic composite membranes.
Each class has its advantages. For example as listed by Zhang [2] the micro-
porous polymer membranes are thin and have thermal shutdown capability;
the non-woven mats are porous and economical compared to others; finally the
composite membranes wet easily with electrolyte and operate at high tempera-
tures. Low temperature capable and inorganic separators find applications with
better safety in Li-ion batteries. Low temperature polymers as polyethylene
(PE) and polypropylene (PP) structures and PE and PP blends operate as a
fuse by allowing meltdown of the low-temperature-melting-point PE that shuts
down the charge conduction backbone–where the internal structure is altered
with closed cells and the new porosity destroys percolating paths for the charge
carriers–without causing overheating and thermal runway. The ceramic com-
posite separators on the other hand provide high stability and keep dimensional
tolerances at high temperatures providing their function–to separate the elec-
trodes in high temperature operation. Arora and Zhang [1] have published an
excellent review on the materials and properties of separators.
The current study concentrates on the modeling of polymeric separators.
It investigates mechanical and electrical properties through effective medium
theories with implementing combination of numerical routines. Since the fiber
spinning is a random process, the numerical simulations need to be adopted to
fully capture the randomness in structures. For this purpose, pre- and post-
processing tools were developed to be used with a commercial finite element
software [3]. Our aim is to determine material manufacturing space for best
performance.
2 Structure of materials simulated
Material structures simulated in the investigations were produced by electro-
spinning method [4]. Example of structures from scanning electron microscopy
analysis are shown in Fig. 1. Observe that the fibers are distributed randomly
and have polydispersed dimensions. All the fibers lay on a lateral direction on
a substrate–no fibers are perpendicular to the substrate orientation.
Some of the factors effecting the structure of the fibrous membrane (sepa-
rator) can be listed[4] as follows; (1) electrospinning needle thickness and its
thickness uniformity; (2) moisture level in the chamber; (3) spinneret size; (4)
solution concentration; (5) solution feeding rate, pressure at the nozzle; (6)
applied electric field at the nozzle; (7) temperature; (8) post-treatment with
temperature and pressure. One can optimize the fibrous material structure
with adjusting these parameters. Post-treatment methods of non-woven mats
are also possible to improve/change structure and porosity. Designing experi-
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ments and analyzing the fabricated structures are time consuming efforts based
on Edisonian-approach. One solution could be to perform numerical simula-
tions with structures close to reality, that can be used to screen structures and
establish critical parameters for manufacturing. Here we are attempting to do
this with the Monte Carlo based finite element method.
3 Modeling background
Due to increase in need for funtional materials for mechanical, thermal and elec-
trical applications, fibrous structures have become important because of desired
properties at low percolation thresholds–one can design anisotropic materials
with little addition of fibrous components. Building models on these systems
is an area that needs special attention. It is well know that the internal struc-
ture of a composite influences the effective properties of the composite [5–10].
However, one needs to perform numerous calculations to determine properties
of random structures and understand the influence of various parameters on
the properties. It is therefore of importance to perform the Monte Carlo based
studies.
In the current study a softcore approach was adapted as discussed by Al-
tendorf and Jeulin [9]. Similar to their approach infinite lines were generated.
Later the lines were converted to a three dimensional cylinder using a moving
spherical representational volume. The line was used as the center of the sphere.
The volume was included to a large matrix of the modeling domain (cube) which
was considered to be 100× 100× 100. Since we were interested in the effective
properties the actual physical dimensions of the cube is irrelevant. Such stud-
ies would be important when the physical laws would be different at different
scales and high frequency effects due to scattering of acoustic (pressure) and
electromagnetic waves are of important.
The lines were generated using the definitions in Fig. 2. The direction of
the line was determined from a random angle distribution where φ and θ were
adjusted for each line. Each fiber was considered to be started on a plane and
extended in the two perpendicular directions in the space. An example of the
distribution of lines for a generated structure is shown in Fig. 3. For this non-
woven fiber structure in Fig. 3, the distribution of angles are shown in Fig. 4
and 5, where uniform distribution of angles were considered with in a range
of values. The polar representation in Fig. 5 shows a clear picture of the line
alignments. Observe that the lines are on a lateral surface with φ ∼ 0. Each line
later converted to a cylinder. More sophisticated approches have been adopted
to generate non-woven mats in the literature [9, 10]
The generated three dimensional structure after the moving sphere method
is illustrated in Fig. 6. Observe that the yz-plane at x = 0, the cross section of
the fibers are somewhat round due to the discretization used in generating the
fibers. The fiber concentration (solid material) was adjusted with the number of
lines in the line generating routine. Once the structure in Fig. 6 is generated,
it was imported to the finite element software[3]. The imported computational
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domain and the mesh for the analysis are shown in Fig. 7. Similar approaches
for electrical problems were used by the author previously to characterize elec-
trical properties of clay filled polymers [11] and characterization of checkerboard
structures [12]. The material properties for the fibers can be taken from the
literature [13, 14]. Since we are interested in the change in elastic modulus,
the absolute values play no significant role. However, the Poisson ratio is of
importance and it was taken to be 0.40, see refences [13, 14].
In the electrical property simulations the fibers were considered to be per-
fect dielectrics and the surrounding medium is considered to be conducting
electrolyte with conductivity 1 S/m. The results were shown scaled to the elec-
trolyte conductivity. The list of the steps the investigations are shown in Fig. 8,
the structures shown in the figure are taken from GeoDict [15].
Below we present the results from GeoDict and in-house-created program,
respectively. It was hard to determine the geometrical description outputs of
GeoDict with the in-house-created routines. The calculated effective properties
were the only parameters to compare the both approaches. As stated before,
we have also several experimental data to compare with the simulations.
3.1 Modeling with GeoDict
The GeoDict software is user-friendly and powerful, however it is time consum-
ing to perform the Monte Carlo type simulations due to graphic-user-interface
used to enter all parameters and read all output results. We studied 17 cases
with different input parameters with two fiber fractions, 20% and 30% (q in
Table 1). The estimated concentrations were very similar to those entered as an
input–qc is the output volume fraction of fibers in Table 1. The dimensions of the
fiber radii d were taken to be 5, and the computational domain Xs×Ys×Zs were
altered in the investigations to see the importance of finite size scaling. GeoDict
estimates the fraction of fibers in three axes, which are shown in Table 1 with
fx, fy and fz, respectively. The results from the GeoDict are listed in
Table 1 for two different concentrations. First of all, no clear difference in the
computational domain size was observed in the limited number of simulations.
The main observation is that with increasing concentration of fibers, the spread
of data was narrower. Compared to experimental values, which are shown in
Fig. 10a with × symbols, the simulation values are overestimates, higher than
the measurements. One reason for this can be the structures in the experimen-
tal samples, which were hardcore systems. However, by post-processing with
temperature and pressure one can convert these systems to softcore. To better
understand the fraction of fibers in a given direction and the modulus in that
direction, we plot the values of fi to Eii, where i = x, y. There is no clear
dependency between these two parameters, as shown in Fig. 10b.
The electrical conductivities calculated with GeoDict are shown in Fig. 11.
The values for the given concentrations the Archie’s law [16], σzz = (1− q)ασ2
yields 0.716 and 0.586 with electrolyte conductivity σ2 = 1 and α = 1.5, which
was given by Arora and Zhang [1]. Here we assume that the concentration
of fibers are expressed with q. We have adopted the Archie’s law and found
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that α = 2.35. The discrepancy in α-values suggested by Arora and Zhang [1]
and our estimate is due to connectivity of the structures, the fibrous structures
allow tortuous paths and have a high α value. For open pore structures with
spheroidal pore sizes distributed over a range of shapes, one should expect low
α values.
3.2 Modeling with in-house routines
The procedure structure in the simulations are shown in Fig. 12. The top level
procedure in Fig. 12 is the pre-processor and the middle levels are the finite
element solver [3]. The bottom levels are the post-processing steps to determine
the effective properties of the fibrous structures. An additional example of pre-
proccesing stage is presented in Fig. 13.
Once the structure is defined as in Fig. 13d, it is imported to the finite ele-
ment platform and meshed as shown in Fig. 7. The meshing is an important part
of the procedure and depending on the model, mechanical or electrical. Stored
mesh structure requires significant computer memory, which is needed for solv-
ing the problem electrical and mechanical fields. Mechanical solutions required
more memory due to the tensor nature of the material properties–both elastic
modulus and Poisson’s ratio needed to define anisotropic properties. Electrical
problem assumed isotropic material properties. The effective properties were
estimated using averaging of physical parameters.
3.2.1 Mechanical calculations
For mechanical approach the following procedure is followed;
• y and z coordinate directions fixed with rolling boundary conditions at
y = 0 and y = 1, and z = 0 and z = 1.
• x = 0 is fixed
• x = 1 a displacement is applied (uniform strain S).
• Average modulus is estimated from E¯xxe =
∫
x=1
TxdA/(AS), where Txx
is the stress in x-direction with strain applied in the x-direction, S is the
uniform strain. The parameter A is the area of the surface at x = 1,
A ≡ 1.
• Material parameters are taken from the literature [13, 14], and the void
space is assume to have 1:1000 of the solid modulus with Poisson’s ratio
0.33.
• Simulation were performed with more than 1000 structures with varying
concentration of fibers.
The results obtained for a large number of structures are shown in Fig. 14.
We did not generated structures with over 60% fiber volume fraction due to
less interest in the application–the systems conductivity become very low for
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any potential application. We compare our simulations to those of the GeoDict
results. However notice that to run an automated simulation with GeoDict to
run > 1000 simulations was not possible. We have overlaid the experimental
data in Fig. 14 as well. Different colors in open circles indicate different angular
orientations in the figure. No significant influence of angle φ on mechanical prop-
erties observed for the considered low angle values (φ < 30o). The experimental
data were within the simulation results indicating that the model adopted was
sufficient to generate realizations of the actual non-woven materials.
It is believed that due to finite size scaling the data has a large spread.
For example a study performed by the author [12] on checkerboards with sizes
16×16, 32×32 and 64×64 illustrated that with increasing computation domain
size and increasing ratio between smallest and the largest units–for example
in a 64 × 64 system, the ratio is 1/64–the spread in the distributions were
becoming narrow. Similarly one can apply a similar rule here, and observe that
the distributions would be narrow as the computation domain size increased. At
the present we have no capability to perform these studies because of limitations
in computation power.
To have a better understanding of the simulations, the data in Fig. 14 is
replotted in another representation. The data converted into a colored surface
plot with light colors indicating the number density of the calculated values, a
two-dimensional histogram. This is shown in Fig. 15. The histograms indicate
that the desired mechanical properties can be achieved with 0.40-0.55 volume
fraction of fiber. It is recommanded that 350 MPa would be the desired modulus
for fabrication of membranes. In addition the value we report here for the fiber
fraction region of interest is close to those separators available commercially as
reported by Zhang [2]. Notice that these results are obtained from the softcore
system consideration.
3.2.2 Electrical calculations
The electrical effective properties are estimated as follows;
• y and x directions considered symmetrical boundary conditions.
• z = 0 is grounded, voltage is zero V = 0.
• z = 1 voltage applied, V = 1.
• Conductivity is then estimated from the average current on z = 1 surface,
σzz =
∫
JdA/(V/t), where J is the current, A is the area, V is the voltage
and t is the thickness of the sample, t = 1.
• Simulation were performed with more than 1000 structures.
There is a clear trend of decreasing conductivity with increasing fiber amount–
less electrolyte in the system as we increase the fiber amount–as shown in Fig. 16.
Again the simulations from Geodict are shown in Fig. 16, In the figure data of
the developed code (open circles) have similar results as those from GeoDict.
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Different colors in open circles indicate different angular orientations. No signif-
icant influence of the orientation of fibers in the effective conductivity. The solid
lines in Fig. 16 are trends estimated for different shapes, (rods and disks) using
the Bruggeman symmetrical expression [17]. The shapes are obtained using 1.8
and 4 in Bruggeman expression. The shapes correspond to deformed spheres,
oblate and prolate spheroids, indicating that the porous structure composite
such pores.
It is striking that the data obtained from the in-house routines can be ex-
pressed with Archie’s law with exponent α = 2. This can be explained with
using Bruggman’s approach as well such that electrolyte is a continuous phase
and starts to percolate even at very high concenration of fibers, notice that
in our assumptions we have used low angles of φ in generating structures due
to the orientation of fibers spinned in the experiments. There would not be a
metal-insulator transition due to the connectivity of electrolyte at some fiber
concentration. However, in a pure 2D problem, where fibers are uni-directional,
the fibers would create states of blocking conduction at concenrations over 0.5
[18] with exponent 2. Since our first assumption imposes percolation at q = 1,
and low φ values yield quasi-2D, the percolation exponent of 2 could be used to
describe the electrolyte conduction in fibrous non-woven structures.
4 Conclusion
An attempt to model non-woven fibrous mats for electrical energy storage de-
vices was performed with numerical tools. An in-house developed numerical
approach was employed, and its results were compared to a commercially avail-
able program and experimental results. It was shown that the current tools
were capable of explaining the spread in the experimental data. It was found
that fiber volume fractions about 0.40-0.55 would be of interest in the material
fabrication because of required mechanical properties. The electrical properties
of the electrolyte-fiber structure show a quadratic relation on electrolyte volume
fraction.
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Table 1: Simulation performed with GeoDict and various adjustable model pa-
rameters in GeoDict. The Young’s moduli Exx and Eyy are in MPa units and
represent the elastic moduli values in x- and y-directions.
case q qc d Xs Ys Zs fx fy fz Exx Eyy σ
e
z/σ0
1 20 20.205 5 100 100 50 0.471 0.446 0.082 252 244 0.590
2 20 20.091 5 100 100 50 0.453 0.477 0.070 115 267 0.596
3 20 20.313 5 100 100 50 0.423 0.461 0.115 105 258 0.603
4 20 20.111 5 100 100 50 0.430 0.475 0.095 112 248 0.597
5 20 20.640 5 50 50 50 0.409 0.508 0.083 79 124 0.595
6 20 20.592 5 50 50 25 0.415 0.445 0.140 190 89 0.614
7 20 20.312 5 50 50 25 0.376 0.527 0.097 253 61 0.606
8 20 20.658 5 50 50 25 0.377 0.526 0.098 202 128 0.548
9 20 20.592 5 50 50 25 0.415 0.445 0.140 190 89 0.614
10 20 20.126 5 50 50 25 0.519 0.398 0.082 219 108 0.595
11 30 30.690 5 50 50 25 0.465 0.415 0.120 227 189 0.435
12 30 30.150 5 50 50 25 0.527 0.355 0.117 190 121 0.455
13 30 30.017 5 100 100 50 0.485 0.440 0.074 247 227 0.420
14 30 30.176 5 100 100 50 0.428 0.457 0.115 210 252 0.435
15 30 30.147 5 100 100 50 0.452 0.472 0.076 215 223 0.435
16 30 30.051 5 100 100 50 0.439 0.441 0.120 229 233 0.431
17 30 30.125 5 100 100 50 0.447 0.467 0.086 217 226 0.441
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